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HIGHLIGHTS 


•  Dynamic  EIS  was  reconstructed  from  continuous  impedance  measurement  of  single  frequency  during  charging/discharging. 

•  The  charge  transfer  resistance  from  DEIS  was  generally  smaller  than  that  from  SEIS. 

•  The  charge  transfer  resistance  during  charging  was  generally  smaller  than  that  during  discharging. 
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In  this  study,  a  novel  implementation  of  dynamic  electrochemical  impedance  spectroscopy  (DEIS)  is 
proposed.  The  method  first  measures  the  impedance  continuously  at  a  single  frequency  during  one 
charging/discharging  cycle,  then  repeats  the  measurement  at  a  number  of  other  selected  frequencies.  The 
impedance  spectrum  at  a  specific  SOC  is  obtained  by  interpolating  and  collecting  the  impedance  at  all  of 
the  selected  frequencies.  The  charge  transfer  resistance,  Rct,  from  the  DEIS  is  smaller  than  that  from  the 
steady  EIS  in  a  wide  state-of-charge  (SOC)  range  from  0.4  to  1.0,  the  Rct  during  charging  is  generally 
smaller  than  that  during  discharging  for  the  battery  chemistry  used  in  this  study. 

©  2014  Published  by  Elsevier  B.V. 


1.  Introduction 

Electrochemical  impedance  spectroscopy  (EIS),  capable  of 
separating  various  processes  of  different  time  scales,  provides 
valuable  insights  into  electrochemical  characteristics  of  the 
lithium-ion  batteries.  In  most  of  the  previous  studies  1,2  ,  the  EIS 
was  measured  at  stationary  state  (SEIS),  i.e.  the  DC  current  is  zero, 
to  fulfill  the  requirements  of  the  stability,  linearization  and  cau¬ 
sality.  Then,  the  obtained  EIS  data  were  used  to  study  the  interca¬ 
lation  processes  at  the  electrode/electrolyte  interphase  [3],  or  to 
simulate  and  predict  the  battery  performance  such  as  the  state-of- 
charge  (SOC)  estimation  in  the  battery  management  system  (BMS) 
[4],  etc.  One  drawback  of  the  SEIS  is  that  it  cannot  distinguish  the 
differences  between  charging  and  discharging,  since  both  the 
charging  and  discharging  process  occur  in  one  cycle  of  the 
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alternating  current.  Itagaki  et  al.  revealed  that  the  solid  electrolyte 
interphase  (SEI)  film  resistance  during  charging  is  twice  as  that 
during  discharging  in  the  first  few  cycles  [6,7].  Zhang  et  al.  found 
that,  the  overpotential  resistances  to  calculate  the  heat  generation 
rate  are  different  from  charging  to  discharging  [5  . 

In  1985,  Stoynov  et  al.  [8]  conducted  the  impedance  study  of 
non-stationary  systems  for  the  first  time.  Afterward,  in  1989, 
Chenebault  et  al.  [9]  measured  the  impedance  of  a  Li  metal  elec¬ 
trode  in  LiAlCU/SOCb  electrolyte  while  the  system  was  under 
charging.  DEIS  was  later  introduced  to  lithium  metal  battery  by 
Osaka  et  al.,  in  1994  [10  ,  and  to  lithium-ion  battery  by  Itagaki  et  al., 
in  2004  6,7  .  It  has  also  been  applied  to  corrosion  science  [11]  and 
fuel  cell  technology  [12]. 

It  is  ideal  to  capture  the  impedance  response  of  multiple  fre¬ 
quencies  during  dynamic  process  at  the  same  SOC.  However,  since 
the  battery  system  is  under  nonstationary  state,  the  SOC  at  the 
beginning  and  the  ending  of  DEIS  are  different,  thus,  the  DEIS  is 
obtained  across  an  SOC  interval.  Two  methods  have  been  proposed 
to  consider  or  reduce  the  SOC  change  during  the  impedance 
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measurement.  The  first  method  assumes  the  battery's  state  and 
parameter's  spaces  are  continuous  and  then  introduces  a  time  axis 
besides  the  real  and  imaginary  one  [6-8].  In  this  way,  one  can 
account  for  the  SOC  variation  by  interpolating  at  one  time  point  to 
obtain  the  impedance  spectrum  at  a  specific  SOC  point.  The  second 
method  is  to  reduce  the  measurement  time  and  the  SOC  variation 
by  measuring  the  impedance  spectrum  with  simultaneous  excita¬ 
tion  of  multiple  perturbation  frequencies,  this  method  have  been 
successfully  implemented  in  Ref.  11  . 

In  this  study,  we  introduce  a  novel  implementation  of  DEIS 
method  for  lithium-ion  battery  to  eliminate  the  SOC  change  during 
DEIS  test.  This  method  conducts  continuous  impedance  measure¬ 
ment  of  a  single  frequency  on  a  full  SOC  range  during  charging  or 
discharging,  respectively.  It  then  repeats  the  measurement  at  other 
selected  frequencies.  Finally,  the  impedance  spectrum  at  all  of  the 
different  frequencies  could  be  combined  and  extracted  at  each 
specific  SOC  point  during  charging  or  discharging  respectively. 
Using  the  proposed  method,  we  explore  the  differences  between 
SEIS  and  DEIS,  and  the  differences  between  charging  and  dis¬ 
charging  reactions. 

2.  Experimental 

The  DEIS  measurement  was  conducted  for  a  commercial 
18,650  cell.  The  cell  specifications  are  shown  in  Fig.  1(a).  Before  the 
DEIS  tests,  the  cell  was  subjected  to  five  conditioning  cycles  using 
constant  current  (CC)  pattern,  that  is,  the  cell  was  charged  to  4.2  V 
with  a  constant  current  (1  A),  defined  as  SOC  =  1.0;  and  then,  after  a 
rest  period  at  open  circuit  of  1  h,  the  cell  was  discharged  to  3.0  V 
with  the  same  current,  defined  as  SOC  =  0.  After  this,  the  DEIS  tests 
were  performed  with  the  parameters  shown  in  Fig.  1(b).  When 
measuring  the  DEIS,  the  cell  was  under  constant  current  (1  A) 
charging/discharging,  while  simultaneously  a  sinusoidal  current 
with  a  small  magnitude  (0.01  A)  was  superpositioned.  Note  that  the 
impedance  of  each  single  frequency  was  measured  continuously 
from  SOC  =  0  to  SOC  =  1.0  during  charging  and  from  SOC  =  1.0  to 


SOC  =  0  during  discharging.  Fig.  1(c)  depicts  the  schematic  of  the 
current  profile  and  the  corresponding  voltage  response.  Conven¬ 
tional  SEIS  tests  were  measured  with  a  sinusoidal  excitation  of 
0.01  A  over  the  frequency  range  of  104— 10_1  Hz  from  SOC  =  0  to 
SOC  =  1.0  with  a  step  of  0.1  to  compare  the  DEIS.  All  the  condi¬ 
tioning  cycles  and  EIS  tests,  including  both  steady  and  dynamic  EIS, 
were  conducted  with  an  Autolab  PGSTAT302N  impedance  analyzer 
(Eco  Chemie,  Netherland).  An  environment  chamber  GDJW-225  was 
used  to  provide  constant  temperature  environment  in  all  the  tests. 

3.  Results  and  discussion 

3.2.  Continuous  impedance  of  single  frequency  during  cycling 

Fig.  2  shows  the  continuous  impedance  of  each  frequency  from 
SOC  =  1.0  to  SOC  =  0  at  20  °C  during  charging  (a)  and  discharging 
(b).  Z !  and  Z' represent  the  real  and  imaginary  part  of  impedance, 
respectively. 

Firstly,  we  analyze  the  real  part  of  the  impedance.  (1)  with 
respect  to  the  relationship  between  impedance  and  the  SOC,  one 
can  notice  that:  during  the  charging  process,  Z!  increases  mono- 
tonically  with  lowering  the  SOC;  during  the  discharging  process, 
however,  7!  exhibits  a  non-monotonic  behavior.  7!  decreases  at  the 
beginning  of  discharge  and  then  increases  with  decreasing  the 
SOC.  At  the  ending  of  discharge,  7!  decreases  at  low  frequencies 
(10  Hz-1  Hz);  (2)  with  regard  to  the  relationship  between  the 
impedance  and  the  frequency,  7!  increases  monotonically  with 
lowering  the  frequency  both  during  charging  and  discharging. 
Besides,  7!  rises  steeply  near  SOC  =  0  at  low  frequencies 
(10  Hz-1  Hz). 

Secondly,  we  focus  on  the  imaginary  part  of  the  impedance.  (1) 
with  respect  to  the  relationship  between  the  impedance  and  the 
SOC,  one  can  find  that:  7  increases  monotonically  when  lowering 
the  SOC  during  the  charging  process,  while,  during  the  discharging 
process,  Z  shows  a  more  complex  nature  which  depends  on  the 
frequency.  At  high  frequencies  (1000  Hz-100  Hz),  Z  keeps 


(a) 

Cell  specifications 


Item 

Value. 

Models 

NCM18650. 

Cathode  material- 

NCM  material- 

Capacity. 

2200  mAh, 

Weight 

45  g. 

Internal  resistance.- 

^60  mfi. 

Nominal  voltage. 

3.6  V. 

(b) 

DEIS  measurement 

Item. 

Value 

Temperature. 

20  °C 

Cycling  dc  current. 

1  A  (-0.5C).. 

perturbation  signal  Mode. 

Galvanostatically.- 

Frequency  range. 

103-1  Hz 

Data  points. 

16  (5  points  per  decade).. 

Amplitude.. 

0.01  A, 

(c) 

1.02 


0.98 - 1 - 1 - 1 - 1 - 

0  0.2  0.4  0.6  0.8  1 

SOC 


Fig.  1.  (a)  Specifications  of  the  experimental  cell,  (b)  the  parameters  of  the  DEIS  measurement,  (c)  a  representative  current  profile  of  a  specific  frequency  and  its  corresponding 
voltage  response  (discharging  for  example). 
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Fig.  2.  The  continuous  impedance  of  each  frequency  during  charging  (a)  and  discharging  (b).  7!  and  Z"  represent  the  real  and  imaginary  part  of  impedance,  respectively.  The 
frequencies  between  1000  Hz  and  158  Hz,  100  Hz-15.8  Hz  and  10  Hz-1  Hz  are  marked  as  red,  blue,  black  lines,  respectively.  (For  interpretation  of  the  references  to  color  in  this 
figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


approximately  constant  with  decreasing  the  SOC.  At  low  fre¬ 
quencies  (100  Hz-1  Hz),  Z  decreases  at  the  beginning  of  dis¬ 
charging  and  then  ascends  slightly  on  the  SOC  range  of  0.8  to  0.2, 
finally,  Z rises  steeply  near  the  fully  discharged  state;  (2)  with  re¬ 
gard  to  the  relationship  between  impedance  and  the  frequency,  Z 
increases  when  lowering  the  frequency  from  1000  Hz  to  100  Hz 
both  during  discharging  and  charging,  contrarily,  decreases  when 
further  lowering  the  frequency  from  100  Hz  to  1  Hz.  Exception  only 
occurs  near  SOC  =  0  where  Zof  lower  frequencies  may  exceed  that 
of  100  Hz. 

3.2.  Impedance  spectrum  at  each  specific  SOC  during  charging  and 
discharging 

The  impedance  spectrum  at  different  frequencies  on  the  full  SOC 
range  were  combined  and  then,  we  extracted  the  impedance 
spectrum  at  eleven  SOC  points  from  1.0  to  0  in  a  step  of  0.1  during 
charging  and  discharging,  respectively,  by  interpolation.  Fig.  3(a) 
shows  the  obtained  DEIS  both  of  charging  and  discharging,  and 
compares  them  with  the  SEIS  results. 

It  is  clear  that  by  conducting  the  continuous  single  frequency 
impedance  measurement  during  cycling  repeatedly,  the  impedance 
spectrum  at  each  specific  SOC  point  could  be  obtained  both  for 
charging  and  discharging  process.  This  method  has  successfully 
overcome  the  problem  of  SOC  variation  during  the  DEIS  measure¬ 
ment.  Three  main  findings  can  be  seen  from  Fig.  3: 


( 1 )  The  DEIS  is  generally  smaller  than  the  SEIS.  Similar  results  have 
been  reported  previously  by  measuring  the  DEIS  step  by  step 
with  perturbation  signals  of  different  frequencies  [13]. 
Ref.  13]  points  out  that  the  difference  between  DEIS  and  SEIS 
could  be  largely  attributed  to  the  differences  of  the  charge 
transfer  resistance,  Rct.  Using  the  equivalent  electric  circuit 
(EEC)  in  Fig.  3(b),  we  can  fit  the  impedance  spectrum  and 
then  extract  the  Rct  both  for  the  DEIS  and  the  SEIS  at  11  SOC 
points.  As  shown  in  Fig.  3(c),  the  Rct  of  DEIS  is  generally 
smaller  than  that  of  SEIS,  except  when  the  SOC  is  smaller 
than  0.4  during  discharging  process. 

Based  on  the  Butler- Volmer  equation,  Rct  correlates  with  the 
overpotential,  %  as  follows: 


R 


1 


ct 


ai0 


RT  eXP  (  RT  V 


+  <V^exp 


(1  —a)Frj 

RT 


where  a  is  the  active  surface  area,  io  the  exchange  current  density, 
depending  on  the  concentration  of  lithium-ions  at  the  surface  of 
the  active  materials,  p  the  overpotential,  a  the  transfer  coefficient,  n 
the  number  of  electrons  per  molecule  reduced  or  oxidized,  which 
equals  1  in  this  specific  system,  F  Faraday's  constant,  R  the  gas 
constant,  and  T  the  absolute  temperature  in  K. 
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Fig.  3.  (a)  Impedance  spectrum  of  charging  and  that  of  discharging  at  11  SOC  points  from  SOC  =  1.0  to  SOC  =  0.0  in  a  step  of  SOC  =  0.1.  It  should  be  noted  that  in  order  to 
discriminate  the  impedance  spectrum  at  different  SOCs,  the  imaginary  part  of  impedance  is  artificially  shifted  by  0.1  SOC  O  as  a  function  of  SOC.  (b)  The  equivalent  electric  circuit  to 
simulate  the  impedance  spectrum.  L  is  the  inductance,  Rq,  Rsei,  Ret  correspond  to  the  ohmic  resistance,  solid  electrolyte  interphase  (SEI)  resistance  and  charge  transfer  resistance, 
respectively.  CPE  denotes  the  constant  phase  element.  W  represents  the  Warburg  element,  (c)  The  charge  transfer  resistance,  Rct,  of  stationary  EIS  (SEIS)  and  DEIS. 


During  the  DEIS  measurement,  the  applied  current,  foe  +  Zac.  is 
much  larger  than  the  applied  current  Jac  in  SEIS  measurement. 
Therefore,  the  r\  during  DEIS  is  more  significant  than  that  during 
SEIS.  Based  on  the  Eq.  (1),  the  Rct  of  SEIS  exceeds  that  of  DEIS.  The 
exception  that  when  the  SOC  is  smaller  than  0.4  during  discharging 
the  Rct  of  DEIS  is  greater  than  that  of  SEIS  could  be  attributed  to  the 
depletion  of  lithium-ions  in  the  anode  electrode  which  magnifies 
the  battery  impedance. 

(2)  The  impedance  of  charging  is  smaller  than  that  of  discharging. 
Fig.  3(a)  shows  that  the  DEIS  of  charging  shrinks  when 
compared  with  that  of  discharging,  indicating  that  the  Rct  of 
charging  is  smaller  than  that  of  discharging,  which  is  shown 
in  Fig.  3(c).  Although  the  electrodes  are  at  the  same  averaged 
SOC,  the  surface  lithium-ion  concentration  in  the  positive 
electrode  during  charging  is  smaller  than  that  during  dis¬ 
charging.  As  io  depends  on  the  surface  concentration  and  Rct 
correlates  with  io  as  illustrated  in  Eq.  (1),  therefore,  this 
surface  concentration  deviation  causes  the  differences  [13  . 

(3)  A  dramatic  increase  of  impedance  near  SOC  =  0.  One  can  notice 
the  “tail-upward”  of  the  impedance  near  SOC  =  0,  especially 
during  discharging.  As  mentioned  above,  the  exchange  cur¬ 
rent  density  (io)  depends  on  the  surface  concentration  of 
lithium-ions.  And  io  of  the  positive  electrode  is  decreasing 
when  SOC  approaches  0,  therefore,  the  corresponding  Rct  is 
increasing.  Assuming  that  the  positive  electrode  dominates 
the  cell  impedance,  then,  one  can  expect  that  the  impedance 
increases  near  SOC  =  0. 

3.3.  Discussion 

In  this  section,  the  merits  and  disadvantages  of  the  present  DEIS 
method  are  analyzed. 

The  DEIS  method  in  Refs.  [6-8]  measures  the  impedance  at  a  set 
of  frequencies  point  by  point  successively  during  charging/dis¬ 
charging,  and  a  single  DEIS  measurement  usually  needs  several 
minutes  depending  on  the  frequency  range  and  point.  As  a  result, 


each  DEIS  are  actually  obtained  at  an  SOC  range,  that  is,  in  the 
impedance  spectrum,  the  impedance  at  different  frequencies  are 
the  results  at  different  SOCs.  In  order  to  compare  the  char¬ 
ge-discharge  reactions  as  the  same  SOC  point,  a  time  axis  needs  to 
be  introduced,  and  then  the  DEIS  of  each  SOC  point  is  interpolated 
based  on  the  assumption  that  the  battery's  state  and  parameter's 
spaces  are  continuous.  However,  phase  change  can  bring  abrupt 
variations  to  the  battery's  parameters.  In  this  regard,  the  precision 
of  the  method  in  Refs.  [6 — 8[  may  be  influenced  at  phase  trans¬ 
formation  points.  However,  in  the  present  method,  the  impedance 
at  a  certain  frequency  is  continuously  monitored  during  charging/ 
discharging  every  several  seconds.  Therefore,  using  this  method, 
the  possible  phase  change  can  be  captured  and  considered  in 
comparison  between  the  charge-discharge  reactions,  with  an 
improved  accuracy. 

The  DEIS  method  in  Ref.  11  measures  the  impedance  spectrum 
with  simultaneous  excitation  of  multiple  perturbation  frequencies. 
Although  it  is  also  capable  of  obtaining  the  DEIS  almost  at  an  SOC 
point,  the  method  in  Ref.  [11]  suffers  from  the  difficulties  in 
designing  appropriate  amplitudes  and  phase  angles  for  each 
perturbation  signal.  On  the  contrary,  the  present  method  in  this 
study  is  much  easier  to  implement  and  can  readily  be  conducted 
with  a  commercial  instrument  such  as  the  Autolab  used  here. 

However,  the  present  DEIS  method  needs  to  cycle  the  cell  for 
several  times  to  measure  the  impedance  of  each  selected  frequency. 
Therefore,  one  may  concern  that  the  cell  degradation  during  the 
measurement  will  affect  the  accuracy  of  the  impedance  spectrum 
collected  from  the  results  of  different  cycles.  However,  on  one  hand, 
the  degradation  rate  of  the  commercial  cell  used  in  this  study 
during  the  initial  stage  is  very  slow,  on  the  other  hand,  to  decrease 
the  cycle  number  and  so  as  to  suppress  the  degradation,  only  5 
points  were  selected  per  decade  and  the  frequency  range  was 
limited  to  1000-1  Hz.  While  in  the  SEIS  test,  10  points  per  decade 
and  a  frequency  range  of  10,000-0.01  Hz  were  designed  to  get  a 
detailed  EIS  of  the  cell.  As  shown  in  Fig.  4,  the  cell  capacity  almost 
keep  constant  and  negligible  degradation  can  be  found  after  16 
cycles  during  the  DEIS  test.  In  addition,  the  EIS  test  at  two  SOC  ends, 
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Additionally,  a  stable  three-electrode  system  is  preferred  to  get  a 
separate  impedance  response  of  a  single  electrode,  and  it  is  our 
next  step. 

4.  Conclusion 

In  this  study,  we  proposed  a  novel  implementation  of  DEIS 
method  by  conducting  continuous  impedance  measurement  of  a 
single  frequency  on  a  full  SOC  range  during  charging  or  discharging, 
and  by  repeating  the  cycling  process  for  other  multiple  frequencies. 
Then,  the  impedance  spectrum  of  different  frequencies  at  each 
specific  SOC  during  charging  and  discharging  could  be  extracted. 
Using  the  proposed  method,  we  explored  the  differences  between 
DEIS  and  SEIS,  and  the  differences  between  charging  and  dis¬ 
charging.  It  is  found  that:  (1 )  the  charge  transfer  resistance  from  the 
DEIS  was  generally  smaller  than  that  from  the  SEIS  in  a  wide  state- 
of-charge  (SOC)  range  from  0.4  to  1.0,  (2)  the  charge  transfer 
resistance  during  charging  was  smaller  than  that  during  discharg¬ 
ing,  (3)  a  dramatic  increase  of  impedance,  especially  during  dis¬ 
charging,  occurred  near  SOC  =  0. 
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(b)  EIS 

Fig.  4.  (a)  The  evolution  of  the  capacity  during  the  DEIS  measurement;  (b)  the  com¬ 
parison  between  the  EIS  of  the  initial  state  and  that  after  16  cycles.  7!  and  7!'  represent 
the  real  and  imaginary  part  of  impedance,  respectively.  The  frequency  range  are 
105  Hz-ICT2  Hz. 


in  a  wide  frequency  range  of  105  Hz  to  1CT2  Hz,  indicates  that  the 
cell  impedance  also  varies  to  very  little  extent  before  and  after  the 
DEIS  measurement. 

Regarding  the  constant  current,  a  value  of  1  A,  that  is,  0.5  C,  was 
selected  in  the  DEIS  measurement.  This  particular  current  rate  re¬ 
sults  from  a  trade-off  between  the  test  duration  and  the  stability  of 
the  cell  state.  A  larger  current  will  shorten  the  test  duration,  while 
result  in  a  drastic  transient  change  in  the  cell  state.  As  shown  in  our 
previous  study  13],  a  larger  current  decreases  the  charge  transfer 
resistance. 
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